Abstract-We report the performance of a quantum Hall resistance standard based on epitaxial graphene maintained in a 5-T tabletop cryocooler system. This quantum resistance standard requires no liquid helium and can operate continuously, allowing year-round accessibility to quantized Hall resistance measurements. The ν = 2 plateau, with a value of R K /2, also seen as R H , is used to scale to 1 k using a binary cryogenic current comparator (BCCC) bridge and a direct current comparator (DCC) bridge. The uncertainties achieved with the BCCC are such as those obtained in the state-of-the-art measurements using GaAs-based devices. BCCC scaling methods can achieve large resistance ratios of 100 or more, and while room temperature DCC bridges have smaller ratios and lower current sensitivity, they can still provide alternate resistance scaling paths without the need for cryogens and superconducting electronics. Estimates of the relative uncertainties of the possible scaling methods are provided in this report, along with a discussion of the advantages of several scaling paths. The tabletop system limits are addressed as are potential solutions for using graphene standards at higher currents.
I. INTRODUCTION
chain that ties four-terminal resistance values to the quantized Hall resistance (QHR). The resistor bank has over 25 years of continuous measurement history at approximately half-yearly intervals based on a GaAs heterostructure QHR device. International consistency has been verified by resistor intercomparisons and on-site QHR comparisons [1] . One of the CCC bridges is a commercial system with binary windings and wideband superconducting quantum interference device (SQUID) feedback [2] . This system allows the exploration of many new measurement paths in scaling for four-terminal resistors, including precise direct comparisons between 1 k and the QHR. Alternatively, higher resistance levels from 100 k to 10 M are compared directly to the QHR using a two-terminal CCC (2TCCC) bridge with similar high stability obtained using dc SQUID feedback and a single voltage source [3] . At present, most QHR standards are based on AlGaAs/GaAs heterostructures [4] and rely on the integer quantum Hall effect (QHE) as the foundation for traceability of the ohm (SI unit). Although the effect is well-tested [5] , accessing the QHR with an uncertainty near one part in 10 9 requires cumbersome and expensive infrastructure to reach low temperatures (0.3-1.6 K) and high magnetic fields (6-12 T), ultimately limiting the efficiency of calibrations and traceability.
Graphene, the 2-D honeycomb lattice of carbon atoms, exhibits the QHE at higher temperatures and lower magnetic fields than in gallium arsenide (GaAs) [6] , allowing the operation of epitaxial graphene (EG) QHR devices in cryogen-free refrigeration systems fitted with compact superconducting magnets [7] . This concept motivates research in optimizing EG devices for metrology to promote accessibility to the QHR.
User friendly automated measurement systems based on direct current comparators (DCCs) [8] are operated without the need for liquid He. Earlier measurements have demonstrated that EG devices can potentially be used up to 10 V [6] , [9] , where the precision of DCC room temperature bridges can provide turn-key resistance traceability for the most demanding applications [10] .
This paper emphasizes the versatility of graphene by presenting the following developments.
1) Scaling between the QHR ν = 2 plateau (as defined by R K−90 /2 = 12906.4035 ) directly to 100-, 1-k, and 100-k resistors with the use of a cryogen-free tabletop QHR and CCC bridges. Overall system performance will also be evaluated. 2) Measurements performed with a room temperature DCC from R K /2 to 1 k and for decade ratios between 10 and 100 k to demonstrate an alternative scaling method, with results compared to those of a CCC. 3) Demonstration of scaling to high-valued resistors using a graphene device at measurement voltages up to 10 V and discussion of issues resulting from increased ohmic heating in the device.
II. GRAPHENE-BASED QHR PREPARATION
The growth of EG on the Si-face of silicon carbide (SiC) is achieved by sublimating Si atoms at elevated temperatures, allowing the carbon-enriched surface to form a well-organized honeycomb lattice. The graphene-based devices are prepared by similar methods described rigorously in [9] and [11] - [13] .
For EG growth square SiC substrates diced from the on-axis 4H-SiC(0001) semi-insulating wafers were used. The graphene sample taken for the experiments presented in Sections III-VI was processed by standard face-to-graphite (FTG) growth at 1900°C in an argon atmosphere with the SiC (0001) facing toward a polished disk of glassy carbon. For the sample operating at high currents (775 μA, 10 V), a combined growth method using FTG and polymer-assisted-sublimation growth was applied. Both samples were processed in the same graphite-lined resistive-element furnace, with the chamber first flushed with argon gas and filled with 100-kPa argon from a 99.999% liquid argon source. Epitaxial growth occurs with heating and cooling rates of approximately 1.5 K/s and about 270-s annealing time at approximately 1900°C.
For device fabrication, the graphene layer is protected by a layer of Pd-Au, followed by etching into Hall bar devices and electrical contacting using photolithography. The sample is mounted onto a transistor outline (TO-8) package or a 32-pin leadless chip carrier (LCC-32). The carrier density can be adjusted by gentle heating in vacuum or brief exposure to nitric acid vapor to shift the resistance plateau as desired. The device contact resistances, measured at 4.5 K, 9 T, and 77 μA, are below 1 .
III. CRYOGEN-FREE TABLETOP SYSTEM
The tabletop cryocooler system is mounted on an optical table and attached to a compressor with 3-m hoses. The cryogen-free system reaches temperatures as low as 2.7 K and was operated at 5 T for all measurements. The impact of capacitive coupling, or unwanted measurement signal because of time-varying electric fields from the external environment, had to first be evaluated. It remains of utmost importance that noise is minimized [7] , mainly because large enough noise can interfere with proper DCC ampere-turn balancing or CCC SQUID feedback.
A transimpedance amplifier (TIA) and spectrum analyzer were used to detect the current signal from capacitive coupling over the range of several orders of magnitude. To accurately assess the current noise, the low bandpass frequency response of the TIA was measured. The data showing this response are Fig. 1 . Measurements are performed to determine noise impacts on the overall sensitivity of the cryogen-free tabletop system. (a) Frequency response of the TIA is measured, while its input was open and while enclosed in a Faraday cage. Data were fit with a low bandpass filter curve to reveal the expected noise floor of the system. The TIA was connected to wires which were galvanically isolated in the cryogenic system. The wires act as an antenna to pick up any capacitive coupling from the system. (b) Current noise is shown for the TIA (black curve), the system while OFF (blue curve), and the system while ON (red curve). The equipment used while operational includes the compressor, computer, temperature sensors, the magnet power supply, pressure gages, and cryostat wiring. summarized in Fig. 1(a) . A low bandpass filter fitting function was used to characterize the frequency response, which allows one to apply a correction factor to the measured output of the spectrum analyzer. Fig. 1 (b) shows a series of noise curves from various configurations of the system which includes the noise exclusively from the isolated TIA and spectrum analyzer, shown as a black curve. The noise is also measured from the entire cryostat system when all components are powered OFF, as seen by the blue curve. Finally, the red curve represents the case when the entire system is in full operation. In this case, two distinct contributing factors to the overall noise are the compressor, whose fundamental frequency can be seen at 1.4 Hz, and the various temperature sensors at 1.7 Hz with the accompanying higher harmonics.
IV. ADDITIONAL MEASUREMENT CONSIDERATIONS
To provide resistance traceability, the bridge ratio must be well known and stable, so that the bridge is able to maintain reproducible uncertainties comparable to the stability of the standard resistors of the laboratory. Provided these ratios are well-maintained, room temperature bridge systems deliver improved reliability at low cost based on year-round availability without the need for liquid He. The precise ratios of a CCC system are used to calibrate DCC bridges and thus to improve the Type B uncertainty.
The first measurements use as their standard a robust graphene QHR device in the tabletop 5-T magnet system described in Section III [15] . This ensures that the measurements have excellent long-term stability. Precision resistance standards are maintained at constant temperature for scaling, and the Type A uncertainty for each CCC ratio is based on the standard deviation of the mean of a sequence of repeated measurement sets under very similar measurement conditions. A commercial binary-winding CCC (BCCC) was used to define most of the ratio values, with the number of windings giving optimum uncertainty for the current levels used. A 2TCCC with a winding ratio of 310-to-40 was used for measurements between the QHR standard and air-type 100-k standard resistors [16] . Fig. 2 shows the results using the BCCC bridge to scale from a graphene device to a 1-k resistor using bridge voltages of 0.5, 1.0, and 1.5 V, corresponding to source-drain currents I SD = 38.7, 77.5, and 116 μA, respectively. Here, the Hall resistances R (1) H and R (2) H were measured at two pairs of orthogonal contacts bordering a region of width w = 0.4 mm and length l = 0.64 mm. Diagonal Hall resistance measurements using diagonal contacts of the same pairs reveal the influence of dissipation on the longitudinal resistance, indicated by R H+x x in the third panel. The longitudinal resistivity is derived as ξ x x = (w/l) × {|R H+x x | − |R H |} ≈ 20 μ for I SD = 38.7 μA, ξ x x ≈ 47 μ for I SD = 77.5 μA and ξ x x ≈ 160 μ for I SD = 116 μA. Measurements at the orthogonal contacts for lower currents of 38.7 and 77.5 μA were averaged to give a precise calibration result for the 1-k standard with a combined standard uncertainty of 3 n/.
V. DATA AND RESULTS FROM INITIAL QHR TRANSFERS

A. BCCC Results
B. Overall Device Performance
In Fig. 3(a) , DCC measurements extend the range of sourcedrain current in scaling from the QHR device to the same 1-k resistor. In the main graph of Fig. 3(a) , the deviations from the low-current BCCC result exceed about 0.01 μ/ when I SD ≥ 116μA in agreement with the earlier results. The inset of Fig. 3(a) shows a subset of five different currents that were applied to the device, along with the corresponding temperatures reported by the sensor beneath the TO-8 package. Maintaining a temperature below 4 K is still very feasible even after applying nearly 250 μA to the device and extrapolating the seemingly quadratic behavior of the temperature until 4 K Fig. 2 . BCCC measurements performed using a graphene QHR standard in a NIST cryogen-free tabletop system. BCCC measurement data are displayed in three rows, with the blue, green, and red data corresponding to the source-drain currents of 38.7 μA, 77.5 μA, and 116 μA, respectively. Comparisons between the QHR in graphene and a 1-k resistor are shown in three columns, using two orthogonal contact pairs corresponding to R reveals that currents as high as 550 μA could potentially be applied in the future devices mounted in the tabletop system.
In Fig. 3(b) , the number of DCC data points averaged was varied inversely with the square of the applied voltage V ≈ I SD × R H to obtain a similar Type A uncertainty for all values of I SD . The duration of the resulting data sets shown in Fig. 3(b) ranged from 110 min for the lowest measurement voltage (0.5 V) to 24 min for the highest (1.2 V), with the data from the first 10 min (20 points) of each set discarded to allow the DCC bridge nanovoltmeter balance to reach equilibrium. The smaller uncertainties, shown in blue, are produced by the measurement software and approximate standard deviations of the means for DCC results. The larger vertical bars, in red, are uncertainties adjusted to account for statistical correlations in the data sequence [17] . Both uncertainty results represent the coverage factor k = 2. The observed statistical differences between pairs of successive measurements with the same conditions show that both estimates of the standard deviations likely underestimate the Type A uncertainties, at least for the highest currents shown in Fig. 3(b) . This underestimation may be caused by incomplete settling of the nanovolt balance and the effects of filters present in the measurement software. The noise caused by the cryogen-free mechanical refrigeration system may also interfere with the balancing algorithm or ampere-turns balance since the underestimation of Type A uncertainty is less pronounced for noncryogenic resistor comparisons. The measured ratios using the DCC and CCC were corrected for the measured drift of the room temperature standard. This left only the DCC bridge ratio instability, which can be minimized over long periods if the DCC bridge, is maintained in well-controlled laboratory environmental conditions. We have not observed any significant drift in the bridge ratio since it was installed in our facility. Thus, we attribute the significant standard deviations of our results using the same measurement parameters to short-term instability in the bridge balance, qualifying it as a Type A uncertainty. The differences between these results for different measurement voltages or currents may be evidence of Type B bridge ratio errors or self-heating in the standard resistor at higher levels of power dissipation.
VI. DATA AND RESULTS FROM SUBSEQUENT
RESISTANCE SCALING DCC scaling results were obtained for four ratios of standard resistors and compared with the means of similar NIST CCC results. The applied voltages and balance equilibration times were adjusted to optimize those parameters for each decade. We varied the number of data in each DCC measurement to obtain similar Type A uncertainties over a wide range of applied voltage. Statistical adjustments were made to account for correlations within each data set, following Zhang [17] . These adjustments vary for each set and on average result in Type A uncertainties 1.8 ± 0.5 (k = 2) times larger than the software-calculated standard deviations.
For the decade resistance ratios graphed in Fig. 4 , two results were obtained in succession before changing the measurement voltage. The uncertainty bars represent Type A results obtained from the autocorrelation adjustment. Fig. 4(a) used a voltage range of 1 V-5.07 V and measurement times ranging from 108 min to 5 min and is referenced to the ratio obtained using a 2TCCC. In Fig. 4(b) , the 1-k-10-k scaling data sets were collected for a voltage range of 1 V-3.16 V and measurement times ranged from 85 min to 9 min. Fig. 4(c) shows the 100--1-k ratio compared using voltages from 0.5 V to 1 V and measurement times between 65 min and 17 min. Finally, Fig. 4(d) shows the results of comparisons between 10 and 100 , for voltages of 0.16 V-1.0 V and measurement times of 65 min-2 min. The weighted mean (green lines in Fig. 4 ) of all the runs for a given ratio uses the autocorrelated errors as weights.
Similar ratios were measured at the National Research Council (NRC) Laboratory, Ottawa, ON, Canada, in the initial calibration of the DCC bridge in May 2017, and the values shown for the vertical scales in Fig. 4 are referenced to those calibrations. The measurement software automatically adjusts the measured data, based on a table of CCC results, in this case supplied by the NRC. To help estimating long-term drift in the bridge ratios, we also show the uncalibrated bridge zero as a dotted horizontal line in each graph.
Resistance standard uncertainty estimates (k = 2) of Type A and Type B influences in scaling with the DCC method [18] as the discontinuity in the liquid helium's specific heat capacity occurring at T λ = 2.17 K. The specific heat capacity behavior is shown around the transition temperature in Kelvin and is separated by the two phases: He I (brown) and He II (gold). (b) While the temperature remains above the transition, heat is dominantly generated at the contacts ("hot" spots illustrated as white dots) and dissipates through the device in the plane, shown in red. Heat also transfers to the surrounding liquid (brown) out of plane, shown in purple. The excessive heat contributes to quantum Hall breakdown. (c) After cooling below the transition, the superfluid He II (gold) retains a higher specific heat capacity in addition to the unusual property of frictionless flow, allowing for heat in the local environment to be transferred away more effectively. This is illustrated as a significant reduction in sample heating and a larger heat transfer into the surrounding superfluid.
are presented in Table I . Type B values represent combined estimates for all known influences of DCC scaling but are dominated by the bridge ratio stability.
VII. COMPATIBILITY OF GRAPHENE QHR WITH HIGH-CURRENT COMPARISONS
Among the advantages offered by graphene-based QHR standards is their ability to maintain the fully quantized state at high currents, such that voltages larger than 5 V can, in some cases, be utilized for better compatibility with high-resistance measurements up to 100 k [6] , [9] . The NIST cryogenfree system, as it is currently designed, would be unable to accommodate voltages much higher than 5 V, corresponding to approximately 387 μA, due to the rise in sample temperature shown in Fig. 3(a) .
To illustrate the importance of power dissipation in the graphene QHR system, we employed a replenished liquid 4 He cryogen system where the base temperature is 1.5 K. The specific heat capacity of liquid 4 He at atmospheric pressure features a discontinuity at T λ = 2.17 K which can be attributed to the transition of normal fluid (He I) to the superfluid phase (He II). The discontinuity, shown in Fig. 5(a) , is colloquially named the Lambda point [18] , [19] . Most importantly, the superfluid flows without loss of kinetic energy and with zero viscosity. The enhanced thermal properties of the superfluid helium allow for better rejection of heat, which has been generated by power dissipation near the hot spots on the corners of the device, where the two potentials meet [20] . In our liquid cryogen system, we fill the lower sample region with He I and then significantly reduce the liquid flow into the Data from a graphene device with an applied voltage of 10 V measured in a liquid 4 He cryostat. Two adjacent Hall resistances are measured and represented by yellow and green circles, whereas the two diagonal resistances are represented by magenta and blue triangles and include the effect of the device's longitudinal resistance. These four measurements taken at T ≥ 2.27 K as a function of the applied magnetic field (top). The differences in convergence between the Hall and diagonal resistances are a result of a nonzero longitudinal resistance. The point of agreement between both diagonal resistance contact pairs is represented by a red "×." Similar data as above but collected at T ≤ 2.15 K and with the point of agreement represented by a blue "×" (bottom).
sample space while pumping on the evolved He gas above the liquid, where the sample resides. Below the Lambda point, He II forms a thin superfluid film, known as a Rollin film, which provides additional cooling power by making direct contact with the device. The comparative increase in cooling power is illustrated in Fig. 5(b) and (c) .
These unusual properties of superfluid He II drastically improve the cooling power for graphene devices operated at higher currents. Fig. 6 illustrates how the QHE transport characteristics are impacted by the superfluid, for a graphene device operated at 775 μA (10 V) and compared to a 100-k standard resistor using a 2TCCC. In two separate measurement sequences, the heat was slowly applied to or removed from the sample region as we recorded the diagonal Hall resistance deviation, which incorporates any longitudinal resistance in the middle of the device (top) and the pure longitudinal resistance (bottom). The enhanced cooling power of the He II phase liquid reduced the deviation in R xy to nearly zero at 6.5 T. Those points measured by coincidence during the transition show intermediate values due to averaging of measurements for both directions of measurement voltage. Above the transition, the thermometer rapidly tracked the change in power dissipated by the device, as observed each time the measurement voltage was reversed, while no such variations were observed in the presence of He II. Fig. 7 shows orthogonal and diagonal Hall measurements at 10 V as a function of the magnetic flux density B. Above the transition (top), the diagonal measurements do not converge until B ≥ 9 T, while below the transition (bottom), the diagonal measurements overlap and the device retains metrologically useable resistances for magnetic fields as low as 6.8 T. The onset of metrologically useful QHR quantization abruptly drops to lower magnetic fields below the transition temperature, due to enhanced cooling.
One key takeaway message from this data is that sufficient cooling power is required for higher levels of ohmic heating, and efficient heat sinking of the device will be critical. One solution may be the use of larger devices, where both the source and drain are physically separated from the central region of the device, allowing heat to flow out of the substrate before reaching the region of metrological interest. An alternative is to use an array of devices, with series or parallel devices carrying nearly equal current.
VIII. CONCLUSION
We have evaluated measurements of QHR devices based on EG and describe an experimental process that requires no liquid He and yields scaling uncertainty of one part in 10 8 in comparisons with room temperature standard resistors of value 1 k. This may enable future developments for creating systems inherently simpler to use than those normally required for GaAs-based resistance standards.
DCC scaling results between the QHR standard and decade resistance values from 10 to 100 k are compared to similar results from CCC measurements as a preliminary study of DCC suitability for traceability of the ohm based on the QHR. Although tabletop cryocooler systems are inherently limited in their cooling power, they offer significant benefits in terms of overall simplicity to manufacture, assemble, and operate. For more specialized measurements requiring voltages above 5 V, wet cryogenic systems may still be required. However, in all cases, graphene has shown impressive levels of versatility throughout various facets of resistance metrology.
